The pharmaceutical industry is facing unprecedented challenges as the cost of developing new drugs has reached unsustainable levels, fueled in large parts by a high attrition rate in clinical development. Strategies to bridge studies between preclinical testing and clinical trials are needed to reduce the knowledge gap and allow earlier decisions to be made on the continuation or discontinuation of further development of drugs. The discovery and development of human induced pluripotent stem cells (hiPSCs) have opened up new avenues that support the concept of screening for cell-based safety and toxicity at the level of a population. This approach, termed "Clinical Trials in a Dish" (CTiD), allows testing medical therapies for safety or efficacy on cells collected from a representative sample of human patients, before moving into actual clinical trials. It can be applied to the development of drugs for specific populations, and it allows predicting not only the magnitude of effects but also the incidence of patients in a population who will benefit or be harmed by these drugs. This, in turn, can lead to the selection of safer drugs to move into clinical development, resulting in a reduction in attrition. The current article offers a perspective of this new model for "humanized" preclinical drug development.
Introduction
According to a 2014 study by the Tufts Center for the Study of Drug Development, the estimated average out-of-pocket cost to develop a new pharmaceutical drug now exceeds $1.4 billion, or $2.6 billion when the time value of money is taken into account. 1 This represents an increase of approximately 8.5% higher than the general price of inflation, when compared to a 2003 study from the same group. 2 Moreover, only 20% of that $1.4 billion is spent during the discovery and preclinical development phases (target selection, lead identification and optimization, pharmacological profiling, safety and toxicity testing), whereas 80% is spent in clinical development, applications for Investigative New Drug (IND) status, and US Food and Drug Administration (FDA) approvals. 3 Whereas half of the compounds entering discovery survive preclinical testing, eight out of every nine of the remaining compounds then fail in clinical trials. 4 In fact, applying this analysis to the Tufts study reveals that of the $2.6 billion spent to achieve a regulatory approval of a single new drug, only about $200 million is spent on the compound that is actually approved. The other $2.4 billion-fully 92% of the total investment-is spent on candidate drugs that failed along the way. And although the high cost of failure may be measured in dollar terms, what it really represents is thousands of person-years of scientific researchers' time that could be redeployed against compounds that still have the potential to change the health of the world. Imagine the benefits that could come from identifying, much earlier in the development process, even just a fraction of the compounds that will ultimately fail in development.
The challenge, therefore, is to reduce attrition rates by identifying, early in the development process, drugs that will fail in clinical trials. Strategies to bridge studies between preclinical testing and clinical trials are needed to reduce the knowledge gap prior to first human exposures, and to allow earlier decisions to be made on the continuation or discontinuation of further development of drugs. Certainly, one can see how the basic concept of clinical trials has permeated little, if any, of the preclinical environment. At its most basic level, clinical trials enable a pharmaceutical sponsor to develop human population-level estimates of potential drug safety and efficacy. Today's preclinical testing relies on a comprehensive set of safety guidelines that informs the selection of what safety tests to conduct. 5 Thus, preclinical testing is primarily designed to take account of regulatory requirements. Follow-up studies may be triggered if there is a need to characterize specific adverse effects found in initial studies. Although follow-up may appear more scientifically driven than the core program, the design is nevertheless based on what is perceived by the pharmaceutical sponsor to be the data required by the regulators. 6 Recent pharmaceutical industry surveys indicate that preclinical and clinical safety remains a major cause of drug attrition, and that cardiovascular toxicity represents the most frequent drug reaction, accounting for approximately 40% of all drugs withdrawn due to safety concerns. 7, 8 During the past few years, cardiomyocytes (CMs) derived from human induced pluripotent stem cells (hiPSCs) have shown promise for cardiac safety and toxicology screening during early drug development. [9] [10] [11] [12] [13] [14] [15] [16] [17] hiPSC-CMs are especially attractive because they represent an unlimited source of cells that appear to recapitulate the genetic, physiologic, and pharmacological properties of human CMs and heart tissue from the donor. [18] [19] [20] [21] The discovery and development of hiPSCs have opened new possibilities of testing that support the concept of large-scale, human cell-based safety and toxicity screens, with the potential to reduce attrition of drugs in clinical development. Indeed, the noninvasive nature and unlimited supply of this patientderived approach now allow performing surrogate clinical trials in vitro, with consequences that extend well beyond the ability to reduce the attrition of drugs. This new approach, termed "Clinical Trials in a Dish" 22 (CTiD), has potential applications throughout multiple areas of drug discovery and development-from early stages of lead optimization to regulatory safety assessment.
Defining Clinical Trials in a Dish
A key feature that distinguishes actual clinical trials from all other nonclinical or preclinical testing in the drug development process is the application of a drug of interest to a statistically representative cross sample of a target human population (in vivo), to understand the magnitude and distribution of effects (whether beneficial or adverse) that a population at large will experience from taking that drug. Similarly, the concept of CTiD also involves testing medical therapies for safety or efficacy, but these tests are performed in the laboratory, on cells collected from a sample of human patients, before moving into actual clinical trials. This allows defining with accuracy, in an in vitro setting, the safety of a drug when used at the level of a population (Fig. 1) .
CTiD will most often use hiPSCs, or hiPSC-derived functional cells, for several reasons. First, and for example in the case of hiPSC-derived CMs, they have already been demonstrated to recapitulate their respective donor's individual reaction to drugs. Indeed, there is now experimental evidence showing that the cardiac effects of certain drugs in healthy or diseased patients are recapitulated in hiPSC-derived heart cells from these same patients. For example, Shinozawa et al. 20 evaluated the correlation between susceptibility to moxifloxacin (MOX)-induced prolongation of the QT interval on the cardiac electrocardiogram (the time interval between depolarization and repolarization of the ventricles in the heart) in 10 healthy volunteers, and that to MOX-induced prolonged repolarization in hiPSC-CMs generated from blood samples of the same individuals, in which interindividual susceptibility to QT prolongation was observed. QT prolongation is one of the most common reasons for withdrawal of drugs from the market, 23, 24 and MOX is a fluoroquinolone antibiotic that is commonly used as a positive control in dedicated thorough QT (TQT) studies, with the primary objective to quantify the effect of a new drug on the QT interval and assess its potential arrhythmic liability. 25 The results showed that in these individuals, the QT interval was significantly positively correlated with prolongation of field potential duration (FPD; a measure analogous to the QT interval on the cardiac electrocardiogram) measured in hiPSC-CMs at clinically relevant concentrations. Genomic analysis showed no interindividual significant differences in known target binding sites for MOX. They concluded that hiPSC-CMs from healthy subjects did recapitulate the susceptibility to MOX-induced QT prolongation and provided proof of concept for in vitro CTiD.
In addition, Burridge et al. 18 showed that hiPSC-CMs could recapitulate patient-specific clinical susceptibility to doxorubicin (DOX), an anthracycline chemotherapy agent, of populations at high risk of drug-induced cardiotoxicity. In that study, 12 female patients were recruited-eight with breast cancer who had been treated with DOX, comprising four patients who did not experience clinical cardiotoxicity and four patients who did experience cardiotoxicity, and four age-and gendermatched control volunteers who had never been treated with any chemotherapeutic agent. hiPSC-CMs derived from the individuals with breast cancer who experienced DOX-induced cardiotoxicity (DIC) were consistently more sensitive to DOX toxicity than hiPSC-CMs from patients who did not experience DIC. Importantly, it was noted that the differences observed between the DOX-treated hiPSC-CMs were not observed using other derived cell types from these patients, such as fibroblasts or hiPSCs.
In a different study, Stillitano et al. 19 showed a strong correlation between prolongation of the corrected QT interval on the cardiac electrocardiogram from patients treated with an antiarrhythmic agent, sotalol, and effects of clinically relevant concentrations of sotalol on FPD recorded from hiPSC-CMs derived from the same patients.
Taken together, these results confirm that hiPSC-CMs are not simply models of a generic person; they are models of a specific person. That property qualifies a cohort of hiPSC donors to represent, albeit in a preclinical setting, a similar cross section as the patients recruited in a clinical trial. Certainly, healthy volunteers recruited in a first-in-human, or Phase I, study are of unknown genetic background. Therefore, analogous to the patient enrolled in a clinical trial, hiPSCs can serve as surrogates for patients in Phase I clinical trials and provide an important link between Phase I and Phase II trials. CTiD studies are efficient, allow the study of a range of clinical doses, and can be executed at a fraction of the cost of clinical trials, and outside of the rigid and heavily regulated environment of clinical testing.
Second, because hiPSCs can replicate infinitely, a single tissue sampling from a given donor can lead to the generation of a virtually infinite supply of identical and inexpensive test material representing that donor. Consequently, creating a library of samples from a representative cross section of donors now allows one to conduct an unlimited number of CTiD studies on the identical cohort of donorsthereby enabling economical, cross-test, cross-compound comparisons on the same patients, and allowing the establishment of reference lines and historical monitoring, approaches that have never been possible before.
Potential Benefits of CTiD Using iPSCDerived Cardiomyocytes
Individual variability in drug efficacy and safety is a major challenge in drug development, but it is currently not possible, prior to clinical trials, to test how large this variability might actually be. Consequently, during the preclinical stages of safety testing, safety pharmacologists rely on a numerical minimum margin of safety that is defined by the difference between the usual effective dose of the drug of interest and the dose that causes severe side effects. 8, 26 However, because in the case of hiPSC-CMs, this margin is established using results obtained from a single cell line representing a single human, sponsors risk committing two types of errors: (1) false negative: assuming certain drugs are essentially safe, when in fact they are not; or (2) false positive: assuming certain drugs are essentially unsafe, when in fact they are safe. 27 For example, the bulk of the population tested might be more vulnerable than the one person (more specifically, the one cell line) tested, leading to adverse effects in a population even in the presence of an (erroneously) acceptable safety margin. In contrast, the one line tested might be among the most vulnerable members of the population, in which case the defined safety margin is excessive and may lead to the attrition of a drug even if its safety profile in a population is acceptable. With CTiD, there is no need for margins to be arbitrary. Better estimates of actual safety margins can be experimentally generated from the distribution of effects associated with a population, and not a single individual representing a population. 
Commonly Used Methods to Assess Toxicity
Drug-induced cardiotoxicity can affect all components and functions of the cardiovascular system, and it can be functional (altering the electrophysiology and/or mechanical functions) and/or structural (e.g., morphological damage, loss of viability, and changes in cell signaling) in nature. Current in vitro strategies to assess functional cardiotoxicity include screening of key voltage-gated ion channels using automated patch clamping of hiPSC-CMs. 28, 29 Even though hiPSC-CMs are physiologically relevant, these cells are relatively fragile, have complex culture requirements, and are expensive to produce, which has restricted their use on these types of systems. 29 Multielectrode arrays (MEAs), however, provide noninvasive methods for studying electrophysiology. [18] [19] [20] 30 Cells are plated on a dish containing electrodes on the bottom, which are used to stimulate and measure extracellular field potential waveforms induced by a large number of CMs. As mentioned previously, these waveforms correlate relatively well with cardiac action potential and QT interval durations. The ability to perform prolonged recordings, and the existence of multiwells, make this technology ideal to study acute and chronic effects of drugs on cardiac electrical activity.
Access to hiPSC-CMs has also enabled the development of screens to monitor changes in cardiac contractility using impedance measurements, 31 or intracellular Ca 2+ transients to predict the risk that drugs may affect cardiac contractility. 14, 32, 33 Given that most hiPSC-CMs are spontaneously active, synchronous spontaneous rhythmic beating has also been used for evaluating beat rate as well as changes in the morphology of Ca 2+ transient and/or impedance signals, including peak trace amplitude, width, raise, decay, and so on. Some of these endpoints were found to be particularly good predictors of cardiac toxicity. 12, 17 MEA systems and Ca 2+ imaging has also proven useful in noninvasive, multipoint measurements of spontaneous electrophysiological activity of cultured hiPSC-derived neurons. 34, 35 With electrically quiescent and nonexcitable hiPSC-derived hepatocytes, high content assays assessing multiparameter readouts of general and mechanism-specific hepatotoxicity have been developed. The endpoints measured in these assays include cell viability, nuclear shape, mitochondrial membrane potential, phospholipid accumulation, cytoskeleton integrity, and apoptosis. 36 
Probability of Detecting Effects Based on Cohort Size
The requirement to test pharmaceutical compounds for safety against a genetically diversified sample of humans comes from the fact that every human reacts differently to any given dose of any drug. CTiD studies are not intended to compete with clinical trials. Rather, they are intended to shed light in advance of such trials on the likely distribution of human adverse reactions that would result from clinical trials. And the number of donors required to achieve helpful degrees of statistical discrimination in CTiD studies is surprisingly small. Investigators are always concerned about the impact of a drug on vulnerable members of a population. These vulnerable patients cannot be individually identified a priori, because the same patient who has an "average" reaction to one drug in a class may be the one who has the worst reaction to another drug in the same class. Therefore, the drug must be tested against a random sample of patients. Although there is always the pressure to keep sample sizes down to minimize cost, one must not reduce the sample below that necessary for the desired discrimination. The power to detect events is directly related to the number of cell lines in the cohort (analogous to the number of patients enrolled in clinical trials). If detecting events with an incidence of 1 in 10 patients is the target, then a single hiPSC-CM line provides only a 10% chance of observing the existence of that adverse event. Testing four cell lines increases the probability to 34% ( Table 1) . Using a cohort of 16 lines, however, yields an 81% chance that an event will be identified, and 24 lines increases the likelihood to 92%. And these probabilities are independent of the population targeted, whether it is different ethnicities, geriatric patients, children, and so on.
CTiD studies, although large enough to detect common adverse events, will not reliably detect an increased incidence of rare adverse events or events with significant latency. In fact, for most drugs, only about 500-3000 participants are studied for relatively short durations before a drug is marketed, and rare adverse events with low incidence are not detected either. Therefore, CTiD studies should be targeted to circumstances that can provide information that is pertinent to early clinical decisions but, under today's process, would be available only after clinical trials have been completed. The benefits of such information are profound, as detailed below. The table provides exact probabilities for common population incidence frequencies and cohort sizes. Monte Carlo simulations were performed assuming a normal distribution of drug toxicity or sensitivity.
Recommendation for the Use of CTiD
Eliminating even 10% of "future failure" drugs (a realistic goal based on cardiotoxicity testing alone) could allow the redeployment of over $200 million of resources to more promising drugs. Relatedly, sponsors can compare the toxicity profiles (at a population level, rather than a single cell line level) of multiple drugs slated for clinical studies, whose therapeutic benefits appear similar but whose adverse effect profiles may vary. This allows ranking and prioritization with respect to safety risk and improves decisions as to which compounds to move into further development. For example, for high-risk and high-benefit drugs, data from CTiD studies could help better define the probability of finding patients experiencing adverse effects at, or near, the intended therapeutic dose, enabling an explicit consideration of the benefit-safety tradeoffs. Currently, the strategy to test for cardiac safety and toxicity consists of high-and low-to-intermediate-throughput in vitro screening, as well as a battery of in vivo and ex vivo assays together with in vivo toxicity studies. 37 The purpose of conducting these studies is to identify dose-limiting toxicities and to understand the safety liabilities. Once identified, safety and toxicology issues can be managed by answering a set of questions that will enable deciding how best to proceed, such as: what the safety margin is, whether the effects observed are reversible, what potential mechanisms are involved, and what the relevance of these findings to humans is. With the recent demonstration that hiPSC-CMs can recapitulate clinical individual susceptibilities to drug effects in healthy and diseased subjects, CTiD studies allow answering these critical questions in a way that was not possible before and are key in determining whether any toxicity observed has the potential to limit, or end, the development of drug prior to going into clinical trials. As such, CTiD studies are most impactful when performed using drug-like compounds that have a promising profile in preclinical models, and that are being considered for formal development. Managing toxicity will depend on the nature of the finding, however; CTiD studies are particularly well suited for prioritizing drug-like compounds that have shown equivocal chemically mediated in vitro toxicity or ambiguous results in in vivo models, or that are structurally related to a chemical series that has been shown to cause cardiac toxicity and/or that is confined to a narrow chemical space. CTiD studies of potential problematic compounds should also be performed prior to any in vivo studies to avoid harm to animals.
Repurposing Shelved Compounds
CTiD also can be deployed with the opposite goal in mind (i.e., to revive candidate drugs that were erroneously shelved in the past due to flawed concerns about safety and toxicity). The repurposing opportunity arises when a sponsor previously curtailed development during the preclinical phase, out of an overabundance of caution-that is, when it assumed, based on tests performed on CMs derived from a single donor, that an adverse reaction observed with this one donor applied to the majority of individuals within a targeted population. Because CTiD studies can better estimate the real-life distribution of responses, it offers the possibility of reigniting interest in a once-promising compound or series whose development has been stopped.
Reducing Adverse Drug-Drug Interactions
CTiD can immediately contribute to reducing the current, significant problem of adverse drug-drug interactions (DDIs). Given that an estimated 2 million serious adverse drug reactions (ADRs) occur annually in U.S. hospitals, resulting in more than 100,000 deaths (making ADRs the fourth leading cause of fatality in the United States-without adding in ADRs that occur in ambulatory settings), 38 and that DDIs are estimated to represent up to 20% of all ADRs, DDIs per se may be responsible for more than 20,000 deaths per year in the United States. 39 Moreover, this situation is likely to worsen in the coming years as an aging population faces more concurrent maladies, and the field of medicine migrates increasingly toward an approach of using a "cocktail" of multiple drugs to treat certain ailments (as in the case of HIV infection or certain cancers), because the rate of ADRs increases exponentially after a patient is on four or more medications. 40 Clearly, the need to discover a priori whether a combination of drugs may result in a DDI effect is pressing, but current test platforms for detecting the potential for such interactions are problematic. Animal testing is expensive, resource-intensive, and subject to interspecies differences in response, and it ignores the problem of individual-toindividual variation in drug response among humans. 41, 42 Tissues from healthy humans can be expensive (and, from any one individual, scarce), thus limiting the number of compounds or exposures for which impacts on that one individual can be compared.
These limitations lead to a relatively narrow approach to the study of DDIs. First, the focus is overwhelmingly on pharmacokinetics (PK), even though pharmacodynamic (PD) interactions are also both common and potentially deadly. Indeed, even barely observable undesired effects can potentiate each other in a dangerous manner; for example, a combination of angiotensin-converting enzyme (ACE) inhibitors with potassium-sparing diuretics can increase potassium retention, leading to life-threatening hyperkalemia. 43 Second, the number and complexity of drugs tested in combination with the candidate drug are kept low and simple. The number of drugs is minimized, the number of dose combinations is kept small, and three-and four-compound drug-drug interaction tests are virtually unheard of, despite the fact that 39% of those 65 or older already take five or more drugs concurrently. 44 Third, and not surprisingly, there appears to be no attempt to develop population-level distributions of drug-drug interaction effects.
With CTiD, sponsors can economically conduct large numbers of experimentally controlled, cross-comparable assays. They can develop population-level distributions of interaction effects and test the drugs in combination with the 25 most commonly co-prescribed medications. Threeand four-drug combinations become as easy to test as simple two-drug combinations.
For example, as previously mentioned, cardiovascular toxicity remains one of the leading causes of early and late attrition in drug development, as well as a major reason for the withdrawal of marketed drugs. [24] [25] [26] 45, 46 Although proarrhythmia represents one of the most frequent problems, the most important form of proarrhythmia is acquired long QT syndrome (LQTS), resulting in a potentially fatal form of ventricular tachycardia called torsade de pointes. QT prolongation is currently recognized as a significant concern for regulatory agencies. 24, 47 In the United States, about one in five patients uses at least one QT-prolonging drug (≈23% of patients); and, in the United Kingdom and Italy, up to 3% of patients are prescribed at least one noncardiac drug with proarrhythmic propensity. 48, 49 The problem is further complicated by patients undergoing common polytherapy, with a relatively high risk that a patient will receive at least two drugs mutually modifying their proarrhythmic potential. [50] [51] [52] [53] [54] Under these circumstances, one can easily see the value of using hiPSC-CMs to screen for potential cardiac effects of DDIs.
The obvious choice to study DDIs would be the use of hiPSC-derived hepatocytes (hiPSC-HPs). The pharmaceutical industry, however, currently relies primarily on animal tests to define the safety of new drugs, and these tests often fail to predict human hepatic toxicity because of physiological differences between animals and humans. To date, not a single model that accurately reproduces all facets of human liver disease has been established. As discussed in greater detail in the Limitations section, the current state-of-the-art hepatic differentiation protocols produce cells that are fetal in their phenotype and function, 55, 56 and full adoption of hiPSC-HPs by the industry may become a reality only when more robust and consistent differentiation protocols are established, and more validation studies comparing these cells to primary hepatocytes become available. For example, in a recent article, Kajiwara et al. 57 compared 28 different hiPSC lines derived from either peripheral blood cells or adult dermal fibroblasts from the same individuals and found that the major variations in hepatic differentiation from the same individual were largely attributable to donor differences, rather than to the types of the original cells. These results emphasize the importance of donor differences when comparing differentiation propensity of hiPSC clones and confirm that hiPSC-derived hepatocytes are also models of a specific person, reinforcing the idea that, once optimized, they will also be used in determining druginduced hepatic toxicity.
In the absence of predictive hiPSC-derived hepatocyte models, DDI studies will need to focus primarily on PD interactions. Also, the ability to predict drug interactions will depend heavily on the choice of in vitro model selected as well as the endpoints measured, because some models may not be amenable to detect drugs with potentially unknown mechanistic interactions.
Additional Applications of CTiD

Protecting Ethnic Populations
The relatively low cost and high speed of CTiD will rapidly enable in vitro drug safety testing on a much wider variety of ethnically distinct populations than is economically feasible today. Currently, despite the known impact of ethnicity on drug response, 58, 59 many countries in the world cannot demand that pharmaceutical sponsors conduct full-scale clinical trials on their indigenous, ethnically distinct populations. The cost of clinical trials (driven by the high cost of acquiring and field-testing patients, each of whom can be used for testing only one regimen) is simply too large to bear, given many countries' relatively small market size and/or the low price point that patients can afford to pay. As a result, many countries are faced with a no-win situation in which they must either forbid a sponsor from marketing a drug in the country, denying a potentially valuable medicine to its population, or allow a sponsor to market a drug in the country without testing, with the understanding that it may cause ADRs of indefinite severity in an unknown portion of its population.
In contrast, the cost and difficulty of obtaining the raw (cellular) material for CTiD are quite low, because it involves only the simple collection of tissue samples from a relatively small group of people representing a cross section of the target population. Furthermore, the one time fixed cost of sample acquisition can then be leveraged to test unlimited numbers of drugs, lowering the cost per test even further. Finally, there are no geographical limitations regarding where CTiD can be performed, unlike the case of clinical trials.
Although a set of CTiD studies obviously will not protect a given population to the same degree that a full-scale clinical trial could, they can certainly improve drug safety relative to the current approach of no indigenous-population testing at all. This is especially true given that 70% of all toxicity-related drug failures during clinical trials are due to mainly three types of toxicity (cardiovascular, hepatic, and CNS) 60 and that CTiD are already available for cardiotoxicity and are within sight for hepatotoxicity and neurotoxicity within the next few years. 61, 62 Thus, sponsors can afford to conduct investigations of narrower and/or more targeted populations against an ever-broadening array of potential toxicities, and regulators in smaller or poorer countries can demand that they do so.
Protecting Children and Geriatric Patients
Protection of new populations is not limited to questions of ethnicity. For example, today's clinical trial protocols often exclude representatives of the very populations that will ultimately consume the majority of the drug being developed.
Consider cancer treatments. Thirty-five percent of all new drugs under development today are oncology drugs. 63 More than half of all cancers have an onset age of 65 or older. 64 Yet, geriatric patients are vastly underrepresented in clinical trials. 65, 66 This is not because the pharmaceutical industry is indifferent to age, but because there are a variety of barriers to testing among geriatric patients that cannot and will not be overcome easily or soon-including comorbidities, economic constraints, physical immobility, and communication issues.
At the other end of the age spectrum, it is possible that CTiD based on hiPSCs from neonatal donors can help break the logjam in the development of pediatric drugs. It is well documented that hundreds of drugs are already in use with adults that may potentially be useful for treating children but are not approved for use in children. In fact, it is estimated that between 16% and 62% of all medicines prescribed in general pediatric wards of hospitals, and 80% of all medicines prescribed in neonatal intensive care units, are prescribed "off label." 67 The main reason for this gap is, of course, the ethical problems associated with conducting clinical trials on children. 68 Although no CTiD will be a perfect substitute for a fullscale clinical trial, there must be some middle ground in which a series of PK and PD CTiD studies on cells from representative samples of neonates and children who show equal or less adverse reactions to certain drugs than their adult counterparts can pave the way toward approval of at least a portion of the most valuable medicines for pediatric use.
Limitations
A common feature of all of the applications discussed thus far is that the hiPSC-derived cells from a representative sample of donors are used to collectively estimate the magnitude and distribution of the reactions of a target population. Although these applications demand that each individual's hiPSC-derived cells recapitulate that individual's in vivo responses to a certain degree, they do not demand perfection. That is fortunate, because the state of stem cell science today is unquestionably imperfect, and clearly there are important issues that need to be addressed before the full potential of these cells may be realized.
Without a doubt, hiPSC-derived CMs hold tremendous promise for drug development and various therapeutic applications. These cells express expected sarcomeric proteins and ion channels and exhibit cardiac-type calcium transients and electrophysiological properties. The model is not, however, deprived of limitations. Protocols for induction of pluripotency and cardiac differentiation are still evolving. This lack of consistency in cell origin, transcription combinations, time in culture, number of passages, selection methods, and uniformity in subtype (e.g., homogeneous nodal vs. atrial vs. ventricular myocytes) adds to the heterogeneity, leading to the generation of inconsistent results that delay progress in the field. 69, 70 Another major limitation of currently available hiPSC-CMs is their immature phenotype. 71, 72 Indeed, hiPSC-CMs display many properties that are not shared with adult CMs, such as spontaneous and persistent automaticity, depolarized diastolic membrane potential, metabolic dependence on glycolysis, and lack of inotropic response to adrenergic stimulation. [73] [74] [75] [76] Several methods to enhance maturation have been proposed, including long-term culture, 77, 78 mechanical loading, 79 electrical stimulation, 80 culture substrate, 81 and chemical treatments. 82 None of these approaches, however, have proven sufficient to induce complete maturation equivalent to adult CMs. Nonetheless, because of their ability to recapitulate patient-specific susceptibility to druginduced cardiotoxicity, hiPSC-CMs represent a suitable platform for CTiD.
Stem cell-derived hepatocytes have been reported to vary in metabolizing enzymes, hepatic morphology, and polarization, suggesting that they are still not comparable to primary hepatocytes. 83, 84 For example, CYP induction pathways have been shown to be limited in iPSC-derived hepatocytes compared to primary human hepatocytes, suggesting that nuclear receptor pathways may not be fully functional. 85 Furthermore, 2D cultured human hepatocytes have been shown to undergo de-differentiation with a loss of epithelial morphology and metabolic activities after only a few days or hours in culture. 86 In this field as well, differentiation protocols vary widely among different laboratories, resulting in heterogeneous cell populations expressing adult markers (e.g., high levels of albumin expression) while maintaining an immature phenotype, raising concerns about the predictive value of these cells. [86] [87] [88] Therefore, although significant progress has been made in hiPSC-derived hepatocytes, there is a pressing need for more robust, consistent, and comparative studies with primary hepatocytes before full adoption of hiPSCderived hepatocytes can be considered by the industry.
hiPSC-derived neurons (hPSNs) represent a unique model system to study the fundamental properties of the CNS and the underlying mechanisms involved in various disease phenotypes. Their value lies in their ability to recapitulate functional properties such as passive and active membrane characteristics, synaptic activity, and plasticity. 89 hPSNs, however, display functional phenotypes that resemble fetal and postnatal rodent neurons. Transcriptome studies also show that the more mature hPSNs reported to date display an expression profile similar to that of midgestational human fetal brain tissue. 90 Moreover, it has been reported that during differentiation, only a small percentage of neurons display synaptic markers, and most cultures still contain a large population of progenitor cells not found in most brain regions of adults. 91 Nonetheless, despite these drawbacks, renewed efforts in directed differentiation, cell sorting, derivation of pure populations of transmitters, and functional phenotype-specific neurons appear poised to overcome critical hurdles and allow this technology to support its development toward potential clinical applications. 92, 93 Finally, although CTiD has the potential to address significant gaps in the development of pediatric and geriatric drugs, this approach must be carefully evaluated because of issues described here concerning the differentiation states of hiPSC-derived cell types. More specifically, the question remains as to whether iPSC-CMs display an immature phenotype or accurately represent a patient's age. Indeed, some studies have reported that cellular reprogramming may "reset the aging clock" by allowing somatic cells to acquire a state that is normally associated with embryonic stem cells (ESCs). 94 For example, hiPSCs can be obtained from aged individuals and yet still show key properties of ESCs, including self-renewal, elongated telomers, and roundshaped mitochondria with underdeveloped cristae. 95 Even iPSCs derived from senescent and centenarian cells have been reported to exhibit a more youthful signature, displaying elongated telomers and gene expression profiles comparable to those of ESCs. 96 Moreover, metabolic signatures, mitochondrial networks, handling of reactive oxygen species (ROS), telomerase expression, and other factors appear reset to a state characteristic of pluripotency. 95, 97, 98 These data are controversial, however, because differential reports have also been published regarding the extent to which reprogramming rejuvenates aged, somatic cells and whether iPSCs exhibit aging signatures. 96, [99] [100] [101] In a recent article, Kang et al. 102 show that iPSCs not only do not erase the signs of aging but may even reveal aging-related defects in the mitochondrial DNA that were not detectable in the whole parental tissue. One cannot exclude that conflicting reports regarding the extent to which adult somatic cells are rejuvenated may be explained, at least in part, by the distinct protocols and materials used in the different studies. Regardless, it is clear that some iPSCs and their differentiated progeny, such as CMs, may exhibit age-related defects. Whether these defects are cell line specific remains to be determined with certainty, and additional research into various aspects of maturity and aging is required. [103] [104] [105] [106] But as science improves, we should anticipate a time within just a few years when the recapitulation of clinical individual susceptibility to drug effects will be scientifically accepted for drawing conclusions about drug responses at not only the population level but also the individual level. After all, an entire industry, regenerative medicine, depends on stem cells to repair or replace a specific human's own tissues and organs-which requires a degree of precise recapitulation far beyond anything required by the ideas proposed here.
Conclusion
The arguments provided in this article and recent publications 107, 108 support the view that including the study of diversity in vitro through the use of the CTiD approach has the potential to significantly affect and improve the decision-making process throughout the drug discovery and development process if approached correctly. The current "state of the art," however, will evolve only if the industry, regulators, and clinicians are prepared to make significant changes to the current decision processes accordingly. Preclinical organizations of pharmaceutical sponsors will need to learn to take "population views," rather than "a representative human" view, of test results. Assay results will consist of distributions of results, rather than a single, averaged data point. Organizations will have to learn how to use multiple indicators and endpoints in decision processes. CTiD data may eventually be included in IND or first-inhuman study packages, and regulatory agencies will need to learn to combine clinical findings with these novel in vitro findings. Regulators may be asked to incorporate CTiD data into their approval processes, thus requiring both learning how to evaluate such data and developing quality standards for such tests. And, finally, clinicians will need to learn how to incorporate new constructs (such as data from CTiD testing) into choices of care.
Throughout the past few years, the field of hiPSC has evolved and continues to improve. It has produced advances in culturing methods and innovation in platforms allowing the development of assays that were inaccessible only a decade ago. In vitro population-based studies in the form of CTiD are now a commercial reality and are poised to revolutionize our thinking about practical, immediate, and nearterm applications in the field of drug discovery and development. CTiD is a more complicated and demanding science than present in vitro testing approaches. The additional effort required, however, leads to tremendous insights that cannot be obtained so early and economically by any other approach, and in some cases not at all. These insights can make drug development more efficient and drugs safer. And, in so doing, it can dramatically change the level of contribution to society of some of the world's most valuable research scientists working on the discovery and development of new drugs. It is evident that the time has come to consider new, more comprehensive ways of preclinical testing to reduce clinical attrition of compounds. The hope is that the CTiD approach will prevent inappropriate compound attrition, provide a more complete assessment of safety risk, reduce animal and clinical work, and potentially rescue drugs labeled with warnings based on inappropriate testing. This will enable new drugs to address unmet medical needs and reach patients more quickly. This constitutes a clear and present revolution in drug development.
